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The roles of APE1, APE2, DNA polymerase b and
mismatch repair in creating S region DNA breaks

during antibody class switch
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Immunoglobulin class switch recombination (CSR) occurs by an intrachromosomal deletion
requiring generation of double-stranded DNA breaks (DSBs) in immunoglobulin switch region
DNA. The initial steps of DSB formation have been elucidated: cytosine deamination by activation-
induced cytidine deaminase (AID) and the generation of abasic sites by uracil-DNA glycosylase
(UNG). We show that abasic sites are converted into single-strand breaks (SSBs) by
apurinic/apyrimidinic endonucleases (APE1 and APE2). If SSBs are near to each other on opposite
strands, they will generate DSBs; but if distal from each other, mismatch repair appears to be
required to generate DSBs. The resulting S region DSBs occur at dC residues that are preferentially
targeted by AID. We also investigate whether DNA polymerase b, which correctly repairs SSBs
resulting from APE activity, attempts to repair the breaks during CSR. We find that although
polymerase b does attempt to repair S region DNA breaks in switching B cells, the frequency of AID-
instigated breaks appears to outnumber the SSBs repaired correctly by polymerase b, and thus some
DSBs and mutations are generated. We also show that the S region DSBs are introduced and resolved
during the G1 phase of the cell cycle.
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1. INTRODUCTION
Activation of B lymphocytes by antigen and co-stimu-
latory signals, usually from T lymphocytes, initiates
two processes of antibody diversification. Somatic
hypermutation (SHM) introduces mutations in the
variable region genes, which, in conjunction with
antigen selection, increases antibody affinity. Class
switch recombination (CSR) enables B cells to diversify
the constant region and thereby the effector function of
the antibody molecule, while maintaining the same
antigen-binding domain.

CSR occurs by an intrachromosomal deletional
recombination between switch (S) region sequences
located upstream of the constant region genes. S regions
consist of tandem repeats of short (20–80 bp) G-rich
sequences, extending from 2 to 10 kb in length, and
recombination can occur at any site within or near the S
regions. CSR is thought to occur predominantly by a
non-homologous end joining (NHEJ) mechanism, but it
can also occur by an alternative end-joining mechanism
that uses short microhomologies between the different S
regions (Yan et al. 2007; Stavnezer et al. 2008).

Activation-induced cytidine deaminase (AID) is
essential for both SHM and CSR (Muramatsu et al.
2000; Revy et al. 2000) and multiple reports indicate
that its role is to deaminate dC bases within
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immunoglobulin (Ig) variable region genes and S
regions (Di Noia & Neuberger 2002; Petersen-Mahrt
et al. 2002; Rada et al. 2002; Bransteitter et al. 2003;
Chaudhuri et al. 2003; Li et al. 2004; Longerich et al.
2006). DNA replication across the resulting dU
residues introduces mutations that are characteristic
of SHM, and that are also found in the regions
surrounding S–S junctions. However, removal of the
dU bases by UNG is required to introduce the DNA
breaks necessary for CSR (Schrader et al. 2005). CSR
is reduced by 95 per cent in B cells from mice deficient
in the base excision repair (BER) enzyme uracil DNA
glycosylase (UNG2; Rada et al. 2002). CSR is also
severely reduced in patients who have deleterious
mutations in UNG (Imai et al. 2003).
2. APE1 AND APE2 CREATE SINGLE-STRAND
BREAKS IN S REGIONS AT dC BASES
DURING CSR
As UNG creates abasic sites, we asked whether
apurinic/apyrimidinic endonuclease APE1, the BER
enzyme that can incise the phosphate backbone at
abasic sites, is necessary for the creation of double-
strand breaks (DSBs) in S regions, and thus for CSR
(Guikema et al. 2007). In this same study, we
investigated whether a homologous enzyme that has
abasic endonuclease activity, APE2, might also contrib-
ute to CSR. We could not obtain ape1K/K B cells, even
by foetal liver transfer, as ape1K/K mice die in utero prior
to formation of haematopoietic cells. However, APE1
heterozygous mice have DNA repair defects, enabling us
This journal is q 2008 The Royal Society
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Figure 1. CSR is reduced in splenic B cells from mice with
reduced levels of APE1, APE2 or both APE1 and APE2.
CFSE-stained B cells from WT littermates and ape1C/K,
apeK/K or ape1C/K ape2K/K mice were cultured for 3 days
with LPSC interleukin (IL)-4 (IgG1 CSR), LPSCinter-
feron-g (IFNg) (IgG2a CSR), LPSCdextran sulphate
(IgG2b CSR), LPSCanti-IgD-dextran (anti-d-dex)(IgG3
CSR), or with LPSCIL4, IL5, transforming growth factor
(TGF)b, and anti-d-dextran (IgA CSR). After culture, cells
were fixed and stained for surface isotype expression and
analysed by flow cytometry (Schrader et al. 1999). Shown are
the average per cent switching relative to WT littermates,
set at 100% (Cs.e.m.), for the different isotypes. �p!0.05,
��p!0.01 as determined by the one-sample t-test. Black bars,
ape1C/K; dark grey bars, ape2Y/K; light grey bars, DBL.
Originally published in Guikema et al. (2007).
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Figure 2. Sm DSBs are decreased in APE-deficient splenic B
cells induced to switch. (a) LPSCIL4 and (b) LPSCanti-
d-dextran. LM-PCR was performed on threefold dilutions of
DNA isolated from B cells stimulated to undergo CSR for
2 days under the indicated conditions. Primers specific for the
5 0 and 3 0 ends of Sm were used in conjunction with a linker-
specific primer. PCR products were blotted and hybridized to
an internal Sm-specific probe. GAPDH indicates amplifi-
cation of an internal control for template input. Methods
were previously described (Schrader et al. 2005). Originally
published in Guikema et al. (2007).
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to examine the contribution of APE1 to CSR. APE2 is a
more recently discovered AP endonuclease, with
homology to APE1, but mice deficient in APE2 have
no obvious repair defects, although they have a 50 per

cent reduction in B and T cells relative to wild-type
(WT) littermates (Tsuchimoto et al. 2001; Ide et al.
2004). The ape2 gene is located on the X chromosome,
so we use male APE2-deficient mice (termed ape2Y/K).

To determine if APE1 or APE2 are present in
switching B cells, we examined the regulation of these

proteins in splenic B cells induced to switch by Western
blot, and found that they are both present. APE1 was
found to be constitutively expressed in the nucleus of
switching B cells whereas APE2 is induced when
splenic B cells are treated to induce CSR (Guikema
et al. 2007).

We compared CSR in splenic B cells from ape1C/K,

ape2Y/K and ape1C/K ape2K/K (termed double KO or
DBL) mice cultured for 3 days with lipopolysaccharide
(LPS) and specific combinations of cytokines that
induce CSR to different isotypes, and analysed by flow
cytometry for surface Ig expression. In each experi-
ment, WT littermates from ape1C/K and ape2C/K

cross-breedings were used as controls. We found that

ape1C/K B cells switched slightly less well than WT
cells in culture to all isotypes tested (figure 1).
However, both ape2y/K and the DBL cells showed a
greater reduction of CSR. Surprisingly, the DBL B
cells switch as well as the ape2yK/K cells. These data
indicate that both APE1 and APE2 contribute to CSR.
Phil. Trans. R. Soc. B (2009)
Since APE1 deficiency is an embryonic lethal defect
and ape2K/K lymphocytes were reported to have cell
proliferation defects, we assessed proliferation of the B
cells and also switching per cell division by staining
splenic B cells with carboxyfluorescein diacetate
succinimidyl ester (CFSE) prior to induction of CSR,
and then following dilution of CFSE staining as cells
divide. We found that there was no difference in the
proliferation of any of the APE-deficient cells from WT
cells in the B-cell cultures, and that CSR was reduced
at all cell divisions in the APE2 and DBL cells
(Guikema et al. 2007). We did observe a slight delay
in G2/M phase in ape2K/K B cells, as previously
reported (Ide et al. 2004), but it did not affect the
number of cell divisions in our cultures.

As we hypothesize that APE1 and APE2 contribute
to CSR by creating single-strand breaks (SSBs) at
abasic sites in S regions, we expected to detect fewer
DSBs in S regions by ligation-mediated polymerase
chain reaction (LM-PCR). An example of an LM-PCR
experiment performed with APE-deficient cells 2 days
after the induction of CSR is shown in figure 2. As the
DSBs are reduced in frequency in the double knockout
cells but much less so in either the ape1C/K or ape2K/K

cells, these data indicate that both APE1 and APE2 are
involved in making DNA breaks during CSR. In similar
experiments, we cloned and sequenced the Sm and Sg3



Table 1. Blunt DSBs in Sm from WT splenic B cells occur
preferentially at G:C bp and at WRC/GYW AID hotspots.

Sm

nt at break
WT %
(nbra)

aidK/K %
(nbr)

ungK/K %
(nbr) sequenceb

G 73.3(55) 62.5(15) 53(9) 40.7
C 9.3 (7) 4.2 (1) 5.8 (1) 16.1
A 8.0 (6) 20.8 (5) 35.3 (6) 21.4
T 9.3 (7) 12.5 (3) 5.8 (1) 21.8
total 75 breaks 24 breaks 17 breaks 2000 nts
GCC 82.6% 66.7% 58.8% 56.8%
p valuec: 0.001 n.s.d n.s.
hotspots 48.0% 4.2% 11.8% 23.2%e

p valuec: 0.002 n.s.d n.s.

a Number of breaks.
b The distribution of nucleotides in the genomic sequence analysed.
c Significance of difference from random by Fisher’s exact t-test.
d not significant.
e % of nucleotides in genomic sequence that are in G:C bp at the
underlined nucleotide in WRC/GYW hotspots.

Pol

Figure 3. Model for role of MMR in CSR: to convert SSBs to
DSBs. AID is hypothesized to introduce several dU bases into
S regions during one cell cycle. Some of the dU residues are
excised by UNG, and some of the abasic sites are nicked by
APE. The U:G mismatches that remain would be substrates
for Msh2–Msh6. Msh2–Msh6, along with Mlh1–Pms2,
recruit Exo1 (and accessory proteins) to a nearby 5 0 nick,
from where exonuclease (Exo)1 begins to excise towards the
mismatch, creating a DSB with a 5 0 single-strand overhang.
The overhang can be filled in by a DNA Pol, usually a
translesion polymerase due to the presence of abasic sites.
Alternatively, the overhang is removed by a 5 0 flap
endonuclease (Fen1) or by Exo1. Short overhangs can be
used during end joining, generating microhomologies at the
junction. 3 0 overhangs can be excised by Ercc1-XPF.
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LM-PCR DNA fragments from WT cells to determine
the sites of the DNA breaks (Schrader et al. 2005). We
found that the blunt DSBs detected by LM-PCR in Sm
and Sg3 in WT cells occur specifically at G:C bp in the
WRC/GYW AID-targeting hotspot, consistent with
their introduction by AID–UNG–APE (Guikema
et al. 2007). Note that the few DSBs detected in AID
and UNG-deficient B cells occur at random sites in the
S region DNA (Schrader et al. 2005; table 1).

We examined the sites of blunt DSBs in the
APE-deficient cells and found that the DSBs in the
single-deficient ape1C/K or ape2K/K cells still show some
preference for G:C bp in AID hotspots, although in each
case the preference was lower than that in WT cells.
However, DSBs in the DBL cells occur at random DNA
sites, i.e. not significantly different from the nucleotide
sequence of the Sm region itself (Guikema et al. 2007).
These data suggest that the few DNA breaks detected in
the DBL B cells are mostly not at the site of AID-
instigated lesions, and therefore are not due to an
alternative BER pathway. The remaining slight, but
statistically insignificant, preference for G:C bp in the
DBL cells could be due to the haploid levels of APE1
activity. Thus, although APE2 is reported to have
weaker endonuclease and stronger exonuclease activity
than APE1 (Hadi et al. 2002), the finding that in the
DBL cells the DSBs occur less frequently at G:C bp in
AID hotspots than in either APE1 or APE2 singly
deficient cells indicates that both APE1 and APE2
function as endonucleases during CSR. This is also
supported by our finding that staggered DSBs in WT
cells occur specifically at G:C bp (89%), but those in the
DBL KO cells do not (50%; Guikema et al. 2007).

We interpret these data to indicate that in WT cells,
AID instigates SSBs by the BER pathway, and then
after SSBs are introduced, the DSBs required for CSR
are created by end processing on either strand to the
site of the initiating lesion on the other strand. If the
SSBs on opposite strands are near each other, they can
form a DSB spontaneously. However, if they are more
distal, our data suggest that this processing is
dependent on mismatch repair (MMR) proteins
Phil. Trans. R. Soc. B (2009)
(Stavnezer and Schrader 2006; Guikema et al. 2007;
Schrader et al. 2007). Figure 3 presents the model for
how MMR could convert SSBs to DSBs. This model is
supported by a large amount of data (Stavnezer &
Schrader 2006; Schrader et al. 2007). We find that the
sites of staggered DSBs, which are detected by using
T4 DNA polymerase (Pol) to fill in or chew back from
staggered ends prior to ligating on the linker primers,
also occur at G:C bp (Schrader et al. 2005; Guikema
et al. 2007). End processing of the staggered DSBs
in vivo by fill-in DNA synthesis or Ercc1-XPF could
create blunt DSBs ending at G:C bp in AID hotspots.
3. INHIBITORY ROLE FOR DNA POLYMERASE b

DURING CSR
Since APE creates SSBs during CSR, we asked if the
next enzyme in the BER pathway, DNA Polb, is
involved in CSR. Polb has two activities important for
error-free BER. First is addition of a single correct
nucleotide at the site of the lesion, which would add a
dC to the 3 0 end at the nick created by AID–UNG–
APE. Second is lyase activity, which excises the
deoxyribose phosphate (dRP) residue at the 5 0 end of
the nicked strand, remaining after APE nicks the
phosphate backbone. This appears to be the rate-
limiting step during BER (Srivastava et al. 1998), and
thus is thought to occur after a dC is added to the 3 0

end. Subsequently, DNA ligase 1 or DNA ligase III-
XRCC1 completes repair by sealing the nick. Correct
repair of the SSBs would inhibit CSR. Hence, an
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Figure 4. DNA Polb binds to the IgSm region but not the Cm
gene, in B cells undergoing CSR. (a) Sm and (b) Cm.
Chromatin immunoprecipitation (ChIP) of extracts from
WT splenic B cells, ex vivo or cultured as indicated, analysed
by quantitative PCR. IP data are plotted relative to input
DNA signal (corrected for the relative amounts of the sample
analysed). The significance of the difference between ex vivo
and cells activated with LPSCIL4 was calculated by the
paired t-test. Originally published in Guikema et al. (2007).
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intriguing question arises as to how the S region nicks

are spared from faithful BER so that they can be

converted into DSBs to provide the essential inter-

mediates for CSR. One appealing hypothesis is that

BER components downstream of UNG and APE

might be downregulated in cells undergoing CSR or

specifically prevented from accessing S region lesions.

Indeed, the recent finding that the amount of Polb is

inversely correlated with the frequency of SHM in

subclones of the human Burkitt lymphoma cell line

BL2 makes this hypothesis even more attractive

(Poltoratsky et al. 2007). Alternatively, it is possible

that the introduction of numerous S region lesions

overwhelms the BER machinery, although BER activity

is not inhibited during CSR.

To gain some insight into the potential regulation of

Polb activity in switching B cells, we examined levels of

Polb protein in mouse splenic B cells induced to

undergo CSR. B cells from WTand AID-deficient mice

were treated with LPS plus interleukin (IL)4 or with

LPS plus interferon (IFN)g for various time periods,

and Western blots of nuclear and cytoplasmic extracts

from the cultured B cells were prepared. Polb
accumulated in the nuclei of cells undergoing CSR,

and cytoplasmic Polb was coincidently reduced,

suggesting that Polb was redistributed from the

cytoplasm to the nucleus in switching B cells (Wu &

Stavnezer 2007). Polb nuclear translocation was not

AID dependent, as Polb underwent similar transloca-

tion in AID-deficient B cells. This translocation might

be due to the requirement for BER to repair the large

amount of oxidative DNA damage occurring in rapidly

proliferating B cells (Ito et al. 2007).

We considered the possibility that Polb might be

prevented from accessing S regions in switching B cells.
Phil. Trans. R. Soc. B (2009)
To address this, we used chromatin immunoprecipi-
tation (ChIP) to detect the association of Polb with the
Sm region. To obtain quantitative results, ChIP was
analysed by real-time PCR (figure 4). Stimulation with
LPS plus IL4 for 3 days resulted in a 2.6-fold
enrichment of Polb association with the Sm region
compared with ex vivo B cells, whereas no enrichment
above background was observed upon treatment with
IL4 plus anti-IgD conjugated to dextran (anti-d-dex), a
treatment that induces B-cell proliferation but not
CSR. Figure 4 also shows that Polb does not associate
with the Cm gene in either ex vivo or LPS plus IL4
activated B cells, consistent with previous data showing
that AID-dependent DSBs are found in S regions, but
not in the Cm gene (Catalan et al. 2003; Rush et al.
2004; Schrader et al. 2005). Altogether, the results
clearly indicate that Polb localizes to nuclei and binds
the Sm region DNA during CSR in cultured B cells.

As Polb-deficient mice die just before birth, in order
to generate mice with polbK/K B cells, 2!106 foetal
liver cells from polbK/K and from polbC/C day 18.5
post-coitus foetuses were injected intravenously into
sublethally irradiated recipient mice, as previously
described (Esposito et al. 2000). Since the recipient
cells bear CD45.1 and the donor cells bear CD45.2,
successful reconstitution could be verified by fluor-
escence-activated cell sorting (FACS) analysis with
antibodies recognizing CD45.1 and CD45.2. The
recipient mice were sacrificed six weeks after foetal
liver cell injection; FACS analysis revealed that their
splenic B cells were almost exclusively CD45.2C
(95–99%), indicating successful transfer and recon-
stitution. Lack of Polb protein in splenic B cells in
recipients that received polbK/K foetal liver cells was
confirmed by Western blot analysis (Wu & Stavnezer
2007). Analysis of splenic B-cell subsets showed that
the proportion of immature, marginal zone and
follicular Bcells was similar between the polbC/C and
polbK/K spleens (Wu & Stavnezer 2007). By CFSE
analysis, DNA content analysis and by measuring [3H]-
thymidine incorporation, we found no differences in
cell divisions or proliferation between WT and KO
splenic B cells (Wu & Stavnezer 2007).

If Polb repairs SSBs during CSR, its deletion might
result in an increase of CSR. We examined CSR to
several isotypes, and found that switching to IgG2a is
increased in the polbK/K B cells, but no other isotype is
significantly affected (figure 5). As isotype specificity is
regulated by germ-line (GL) transcription of the
unrearranged Sx-Cx segment, we asked if this specific
stimulation of IgG2a CSR might be due to increased
levels of GL g2a transcripts in polbK/K cells, but found
they are not increased (Wu & Stavnezer 2007). Since
Polb has no known involvement in other cellular
pathways except BER, it is unlikely that Polb deficiency
alters the signal transduction pathway specifically for
IgG2a induction. S regions consist of tandem repeats
that are unique to each isotype, although all contain
numerous targets for AID: the hotspot motif WRC/
GYW, where WZA or T, RZA or G, YZC or T
(Pham et al. 2003; Bransteitter et al. 2004; Yu et al.
2004). We considered the possibility that IgG2a CSR
might be inhibited by Polb due to the fact that there
are fewer AID hotspot targets in Sg2a than in other
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the indicated isotypes in polbK/K cells relative to WT cells. Mean of 4 experiments Cs.e.m. is shown. Difference between WT
and polbK/K for IgG2a is significant ( p!0.01). Originally published in ref Wu & Stavnezer (2007).
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S regions, and thus it was possible that SSBs might be
limiting for IgG2a CSR but not for other isotypes. To
test this hypothesis, we developed suboptimal con-
ditions for CSR for each isotype, by reducing the
concentration of LPS and cytokines in culture, and
examined CSR under these conditions in polbK/K cells
and WT controls. We reasoned that under suboptimal
conditions, DNA breaks might be limiting and thus
Polb might inhibit CSR to other isotypes in addition to
IgG2a. Under suboptimal conditions, lower levels of
AID protein and GL g1 and g3 transcripts are induced
in both WTand polbK/K cells. As expected, suboptimal
conditions results in decreased CSR efficiency, but
polbK/K cells switch relatively better than polbC/C cells
to IgG2b, IgG3 and IgG2a (Wu & Stavnezer 2007).
However, CSR to IgG1 and IgA still does not differ
between WT and Polb-deficient cells. This might be
due to the fact that Sg1 and Sa sequences have more of
the hottest of the AID hotspots (AGCT) than any other
S region except for Sm (Wu & Stavnezer 2007).
Phil. Trans. R. Soc. B (2009)
If Polb possesses the ability to repair SSBs in S
regions, as we hypothesize, its deletion should result in
the accumulation of SSBs and consequently an
increase in DSBs. We used LM-PCR to detect the
DSBs in Sm and Sg3 regions from polbK/K and WT B
cells. Splenic B cells were activated to switch for 2 days,
and genomic DNA was prepared for LM-PCR. In
agreement with previous findings (Schrader et al.
2005), abundant DSBs were detected in WT cells at
this time point, with very few breaks detectable in AID-
deficient cells treated identically. Remarkably, 2.3-fold
more Sm DSBs were detected in polbK/K cells than in
WT cells, and a threefold increase in DSBs was
observed in the acceptor Sg3 region in polbK/K cells
(figure 6; Wu & Stavnezer 2007). To ascertain whether
the increased DSBs in S regions of polbK/K cells are
relevant to CSR, and not due to a non-specific increase
in DSBs, we assayed DSBs at the Cm region. Very few
breaks in the Cm gene were detected, and no increase
was detected in polbK/K cells (Wu & Stavnezer 2007).
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These results clearly demonstrate that Polb is able
to repair DSBs induced in Ig S regions during CSR,
as its absence leads to increased S region DSBs.
The sequence specificity of the DSB sites in Sm are
similar between polbC/C and polbK/K B cells (Wu &
Stavnezer 2007).

Mutations observed in the segment 5 0 to unrearr-
anged (GL) Sm segments have been regarded to reflect
AID targeting to S regions (Petersen et al. 2001;
Nagaoka et al. 2002; Schrader et al. 2003). If Polb
participates in repairing SSBs introduced by the AID–
UNG–APE pathway, one would predict that Polb
deficiency should result in increased mutations in the
GL Sm segment, and that is indeed what we found.
There was a twofold increase in mutations in both the
GL 5 0 Sm segment and the recombined Sm (with Sg3)
segment from activated polbK/K B cells compared with
WT B cells (Wu & Stavnezer 2007). The data are
highly significant ( p!0.001). This increase is remark-
ably similar to the increase that we measured for DSBs
by the LM-PCR assay. These data unambiguously
indicate that Polb is able to correctly repair AID-
initiated SSBs in S regions during CSR, thereby
reducing DSBs and S region mutations.

In conclusion, we reason that if B cells were to
downregulate BER during CSR, this could be deleter-
ious, given the great amount of reactive oxygen species
produced during B-cell activation and proliferation
(Fedyk & Phipps 1994; Ito et al. 2004). Therefore, it
seems plausible that instead a mechanism is adopted
that endows S regions with such numerous AID targets
Phil. Trans. R. Soc. B (2009)
that the ability of BER to repair them is overwhelmed,
rather than abrogating overall BER ability and thus
jeopardizing the integrity of the B-cell genome.
Although it has been suggested that the number of

AID-instigated lesions is small in comparison to the
number of lesions sustained in the overall cellular
genome every day, it is possible that the high local

concentration of dU residues along with the great
number of oxidized bases in cells induced to switch can
overwhelm BER. The finding that artificially intro-

duced I-SceI sites in Sm and Sg1 regions mediate CSR
to IgG1 suggests that only a single DSB in the donor
and acceptor S region is sufficient for CSR (Zarrin et al.
2007). However, introduction of numerous dU bases

might be required in order to obtain DSBs in the donor
and acceptor S regions simultaneously. In fact,
examination of mutations in ungK/K msh2K/K mice

demonstrated that AID introduces many more lesions
into the Sm region than the numbers of resulting
mutations found in WT cells, most likely due to their

being correctly repaired in WT mice (Xue et al. 2006).
These considerations and our experimental data
suggest that Polb functions normally during CSR to

repair AID-initiated DNA lesions, but that the
numerous AID lesions overwhelm it, and thus some
breaks remain unrepaired.
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4. S REGION DNA BREAKS ARE INTRODUCED
AND REPAIRED DURING G1 PHASE OF
THE CELL CYCLE
As described above (figure 3), our data indicate that
MMR converts distal SSBs on opposite DNA strands

to DSBs during CSR. The model posits that the MMR

heterodimer Msh2–Msh6 recognizes dU:dG mis-

matches, this recruits Mlh1–Pms2, and then exonu-
clease 1 (Exo1) is recruited to the nearest SSB

introduced by APE acting at AID–UNG lesions

(Stavnezer & Schrader 2006). Exo1 activity then results

in conversion of the SSB to a DSB. Alternatively, it has

been proposed that DNA replication could convert
AID-initiated SSBs into DSBs when the elongating

DNA strand reaches a nick on the template strand. To

address this alternative possibility, we examined the cell

cycle regulation of Sm DSBs (Schrader et al. 2007).

Splenic B cells were activated for 2 days with LPS and
IL4 or LPS and anti-d-dex, stained with Hoechst

33342 and then sorted into G1 and S/G2/M fractions

on the basis of DNA content (figure 7a). Dead cells

were excluded by 7-AAD staining. At 48 hours there
are no detectable undivided cells in these cultures. As

shown in figure 7b, AID-dependent DSBs were almost

exclusively detected in the G1 fraction, indicating that

DSBs are created and resolved during G1 phase, and

were not created during S phase. We then examined
whether UNG, APE1 and APE2 are all present during

G1 phase, by Western blotting of extracts from cells

sorted into G1, S and G2/M phases. We found that all

three of these proteins are as abundant in G1 phase as
the other cell cycle phases (Schrader et al. 2007; J. E. J.

Guikema 2008, unpublished data). We also found that

UNG activity was equal in splenic B cells in G1 and

S phase (Schrader et al. 2007).

These data indicate that the AID–UNG–APE
pathway leads to DSBs in Sm during G1 phase, and

that these DSBs are resolved during the G1 phase,

demonstrating that AID-dependent DSBs are not due

to replication across SSBs during S phase. These

results agree with a previous report showing that
gH2AX/Nbs1 foci are detected during G1/early S

phase in splenic B cells activated to switch (Petersen

et al. 2001). The lack of DSBs during S phase would

prevent the DSBs from blocking replication and reduce
the likelihood of aberrant recombination. Also, this

finding is consistent with the results of others showing

that CSR occurs by NHEJ (Casellas et al. 1998; Manis

et al. 1998; Yan et al. 2007), rather than by homologous

recombination, which requires a homologous chroma-
tid to serve as a template for repair. It will be very

interesting to determine how the cell-cycle regulation

of S region DSBs is enforced.
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